Biofertilizers have become an effective, eco-friendly and low cost alternative to chemical fertilizers. Process engineering and cost models for a biofertilizer plant with a production capacity of 44 tons of liquid biofertilizer per year (568 kg/batch) were developed. The models were obtained using process simulator (SuperPro Designer ® ), version 8.5 (Intelligen, 2012), while the 3D conceptual design and layout of the biofertilizer plant was developed with (OptiPlant ® ) software (ASD Global, 2015) . The total capital investment required to erect the plant is $ 3 975 000, the unit production cost of one 1.5 L bottle of liquid biofertilizer is $ 24.009, while the economic indicators Net Present Value (NPV) and Internal Rate of Return (IRR) had values of $ 716 000 and 2.55%, respectively. Also, the total revenues are $ 985 000/year, the Return on Investment (ROI) is 14.93 %, and the payback time is 6.70 years.
INTRODUCTION
It's well known that a considerable number of bacteria are capable to exert a beneficial effect on plant growth. Plant Growth Promoting Bacteria (PGPB) is a term used to define soil bacteria which can promote, under adequate environment conditions, plant growth and crops productivity. Although they are found naturally in soil and plant roots, they will produce the expected agronomical results only if applied effectively, under optimum conditions, on seeds or plant roots, increasing crops yield between 5-30 % (Prabavathy et al., 2007) . Azospirillum brasilense is a Gram negative, aerobic, nitrogen fixer, natural living PGPB usually found in plant roots surface and soil, which fixes around 20-40 kg of atmospheric nitrogen per hectare (Okon and Vanderleyden, 1985; Prabavathy et al., 2007) . It's also capable to produce and secrete plant growth-regulating hormones (phytohormones) such as auxins, cytokines vitamins and gibberellins which are very important for plant development (Spaepen et al., 2009 ).
It's extensively studied bacteria both at laboratory level and industrial scale, and can be applied in popular crops like rice, sugarcane, maize, wheat, banana, coffee, coconut, pearl millet and lime (Tien et al., 1979; Baldani et al., 1983; Mishra and Dadhich, 2010; Roldán et al., 2013) .
Biofertilizers constitute active products or microbial inoculants of bacteria, algae and fungi, either combined or separate, which enhance the nutrients availability in plants thus increasing crops yield and productivity. They can add almost all the nutrients usually consumed by plants, through a natural process of atmospheric nitrogen fixation, phosphorous solubilization and plant growth stimulation through the synthesis of Growth Promoting Substances (Prabavathy et al., 2007) .
Any common liquid biofertilizer production process consists of three different stages or steps (Gódia and López, 1989) (Fages, 1992) (Prabavathy et al., 2007) : 1) Bacteria Propagation: Mass multiplication of the strain selected until desired inoculum concentration and volume are reached; 2) Bacteria Cultivation: Fermentation of the bacterial strains in large, industrial size fermentors, until desired cell concentration is reached; and 3) Bacteria Recovery/Formulation/Packing: The bacteria contained within the fermentation broth are recovered, either by centrifugation or filtration, and then formulated using formulation substances. The formulation liquid containing the latent cells is finally poured in plastic bottles.
In chemical process industries (CPI), the simulation approach constitutes an important and indispensable tool mostly used to design, assess, optimize and analyze projects, systems and processes (Biwer and Heinzle, 2004; Farid, 2007; Krajnc et al., 2007; Kwiatkowski et al., 2006) . The application of process simulators, software and computer programs throughout the CPI regardless type and/or capacity, has grown exponentially during the last decade, while some important simulation packages and software like SuperPro Designer ® , Hysys ® , Aspen Plus ® , Chemcad ® , etc., are commercially available today and extensively used in almost all stages of process design and development, in order to design/ characterize either new or already established chemical processes; evaluate techno-economic alternatives; optimize processes, unit operations and systems; visualize 3D layouts; as well as to determine important global parameters of the process under study such as profitability, productivity, efficiency, net incomes, saving possibilities, etc. (Ernst et al., 1997; Rouf et al., 2001; Marchetti et al., 2008; Ramirez et al., 2008; Dimian and Bildea, 2008) .
At the present work, engineering and economics models were developed for the conceptual design of a liquid biofertilizer production plant, in order to use them as a research tools to aid in the research, analysis and optimization of the production process and also to assist in future process improvements and developments. The models were obtained using the simulation package SuperPro Designer ® , version 8.5 (Intelligen, 2012) and the OptiPlant ® software (ASD Global, 2015) for 3D visualization and layout of the proposed biofertilizer plant. The information used to design the liquid biofertilizer plant was obtained from various sources, including equipment and raw materials suppliers, industry experts, academic publications and technical documents.
MATERIALS AND METHODS

Microorganism selection
The bacteria selected was Azospirillum brasilense, since it's one of the most worldwide used microorganism for biofertilizer production due to its high capabilities for nitrogen fixation and solubilizing phosphorous, secrete plant growth-promoting hormones such as auxins, cytokines vitamins and gibberellins, and also because it can increase plant growth yield by 35%, and has a high resistance to changing environmental conditions.
Process description
The conventional production process of a liquid biofertilizer consists of three well-defined stages or steps (figure 1). In the first step, known as Bacteria Propaga-tion, the bacteria are cultivated in flasks of different volume which contains a specific culture media, until the desired cell concentration is achieved. Once this expected cell concentration is reached, the liquid culture containing the living cells (pre-inoculum) are transferred (inoculated) to the larger volume flasks containing the culture media. The inoculum volumes commonly used are: 250 mL, 500 mL, 3 L and 5 L. When in the 5 L inoculum flask a cell concentration of 10 9 cells per mL is achieved at the following conditions: 32 ºC of temperature, 250 rpm of agitation and pH of 6.0, the entire volume of the final propagation flask (5 L) is inoculated to the seed fermenter, thus indicating that the second process step (Bacteria Cultivation) is just starting. At the same time that the cells are being propagated in the culture flasks, the culture media to be used both at seed and industrial fermenters are being prepared, sterilized and cooled within the same fermenters, prior to inocu-lation with propagated cells. The 5 L final propagation inoculum is transferred to 20 L of a specific, previously sterilized culture media contained inside of the seed fermenter, thus starting the seed fermentation step. This step usually lasts for 24 -55 hours, until a cell population load higher than 10 9 cells/mL is obtained. The seed fermentation is carried out at 30±2 C, 400 rpm, pH of 6.0 and 1.0 v.v.m of aeration rate. Once finished the seed fermentation step, the cell suspension contained within the seed fermenter is inoculated to the industrial fermenter, which already contains about 225 L of a previously sterilized culture media. The industrial fermentation process proceeds at 30±2 C, 600 rpm, pH of 6.2 and 1.5 v.v.m of aeration rate, and has a duration time of about 3 -4 days, which is the standard period to obtain a cell concentration higher than 10 9 cells/mL at the industrial fermentation broth. At this point the third and last process step (Bacteria Recovery/Formulation/ Packing) starts. The industrial fermentation broth is then harvested in a cylindrical, vertical tank equipped with agitation and cooling. The harvested broth is cooled to 10 C prior to centrifugation, and then is pumped to a clarifying, desludging-type, disk-stack centrifuge for cells (biomass) separation and recovery. The supernatant obtained is sent to the wastewaters treatment section, while the biomass suspension is recovered in another vessel (formulation tank), cooled to 15 C, and then formulated by adding some formulation substances under agitation conditions. The addition of the formulation substances [sucrose, glycerol, NaH 2 PO 4 and (NH 4 ) gradually fed to an automatic filling machine, to be ultimately poured into 1.5 L plastic bottles. The filled bottles should be finally stored at 10 C.
The plant will has a production capacity of 44 tons of liquid biofertilizer per year, while the volume of liquid biofertilizer to be obtained per batch will be about 590 -594 L (average of 592 L), The duration time of each production batch will be 109 hours/batch (5 days/ batch, approximately), the total required amount of labor needed to operate the biofertilizer production plant, taking into account management staff, supervisors, operators, maintenance crew, office employees, etc., will be of 29 persons. The total amount of production batches required per year to fulfill the production capacity will be 78 batches/year. The plant will be shut down for about 30 days per year in order to carry out usual maintenance operations, equipment adjustment and repairs, thus the annual operating of the plant will be around 7900 hours/year. 
Raw materials consumption in process stages
Cell propagation
For propagation of A. brasilense cell cultures at laboratory scale, the OAB medium was used (Bashan et al., 1993) , which is composed of: . After autoclaving and cooling, the two solutions are mixed. The pH of the medium pH is 6.8.
Seed culture
The BTB-2 medium was used to carry our seed propagation of A. brasilense (Bashan et al., 2011) , which contains (g/L): tryptone, 5 (Difco); yeast extract, 5; glycerol, 8 mL/L; NaCl, 1.2; MgSO 4 ·7H 2 O, 0.25; K 2 HPO 4 0.13; CaCl 2 , 0.22; K 2 SO 4 , 0.17; Na 2 SO 4 , 2.4; NaHCO 3 , 0.5; Na 2 CO 3 , 0.09; Fe(III) EDTA, 0.07. The pH was adjusted to 7.0 after sterilization.
Industrial fermentation
The following culture medium was used for industrial fermentation step (Bashan and de-Bashan, 2015; ICIDCA, 2000) (g/L): Sugarcane molasses, 12; yeast extract, 1; NaHPO 4 , 6.0; MgSO 4 ·7H 2 O, 0.25; CaCl 2 , 0.22. The pH was adjusted to 7.0 after sterilization. The use of sugar cane molasses as a raw material to produce liquid biofertilizers, via submerged fermentation processes, has been previously achieved at industrial level and published in the literature (ICIDCA, 2000) . Since the biofertilizer production plant will be erected near a sugar factory, the sugarcane molasses will be the main raw material to be consumed in the industrial fermentation stage, since it will be supplied at a constant rate and at low prices by this factory, and also because it constitutes an excellent substrate for the microorganism used which could be stored within the sugar factory in order to be used at any moment by the biofertilizer plant as convenient.
Liquid formulation
To carry out the liquid formulation of the cells harvested, the following components were used (Taurian et al. 2010; Albareda et al., 2008; Bashan and de-Bashan, 2015; ICIDCA, 2000) : sucrose, glycerol, NaH 2 PO 4 , (NH 4 ) 2 PO 4 and water. Table 2 show the main characteristics and cost of the main equipment used to carry out the production process of liquid biofertilizer (Peters et al., 2003; Sinnot, 2005; Towler and Sinnott, 2008; Perry and Green, 2008) .
Equipment
Utilities
The liquid biofertilizer plant consumes the typical utilities usually used in a facility of this type, that is: cooling and process water, steam, fuel oil, compressed air and electricity, in order to be supplied to the main equipment installed there (fermenters, centrifuges, storage vessels, etc.) and also to the auxiliary devices (instruments, control panels, etc.). The utilities cost (steam, cooling water, process water, distilled water, electricity and labor salary) were estimated according to the market and prices in Cuba in 2016 year, while the utility to be consumed on each piece of equipment is determined by the process simulation model. Process water is included at a cost of $ 0.24/m 3 , while the steam is generated in a fired-tube type boiler using fuel oil, and the costs for both fuel oil and steam are based on a fuel oil price of $ 0.65/L. Electrical costs are estimated at a rate of $ 0.18/kWh. Cooling water and distilled water costs were fixed at $ 0.36/m 3 and $ 1.24/ m 3 , respectively. The utilities cost can be easily changed by the user as convenient. Labor costs included $ 26.00/h for plant operators and $ 34.00/h for supervisors and managers, while other plant personnel were included at an inclusive cost rate of $ 18.00/h.
Parameter Value
Average production rate ( 
Cost model description
A cost model was developed by using SuperPro Designer ® simulation software, to estimate both capital and production costs for the liquid biofertilizer production process. SuperPro Designer ® possesses an economic evaluator that is specifically developed for bioprocesses, which is very simple and uncomplicated to use. For preliminary techno-economic evaluation and conceptual design of the biofertilizer plant, this economic evaluator was thought to be adequate for the project stage (Intelligen, 2012).
The pricing and cost data were obtained from equipment and raw materials suppliers, technical documents, academic writings, trade organization, government offices and related publications, and all these data were inserted into the cost estimating methodology contained in the SuperPro Designer ® simulator, for results analysis; research and development; profitability and reliability studies; and also to evaluate alternatives. The economic data obtained in an economic model like this is directly related with the raw materials consumption, unit operations number, auxiliary streams and equipment used, labor and services costs. The cost model obtained will aid to characterize and evaluate the main issues that affect the economic reliability and profitability of the biofertilizer production plant, and also will help to assess the impact produced on the costs associated with the liquid biofertilizer industry, when changing some important process aspects such as feedstock composition and costs, unit operations and equipment number, and also sections addition or removal.
To run properly the cost model contained at the Su-perPro Designer ® simulator, an average interest of 7 % was chosen to determine the Net Present Value (NPV), with an Inflation Rate value of 2 %, and Income Taxes of 25 %. The lifetime of the project was established in 15 years, with 14 months to construct the plant, while a start-up period of 4 months was selected. The plant will work always at full capacity, and it was assumed a constant depreciation of the equipment involved in the lifetime of the project. It was supposed that there are no costs associated with failed or contaminated product treatment and disposal operations, while the costs related with wastewaters and residuals treatment operations are also not considered in the cost model, since these operations are concerned to other parts. The final selling price of one 1.5 L liquid biofertilizer bottle was fixed in $ 28.00, this value was selected taking into account Cuban market and prices, because the process conceptual design was established to comply with the Cuban biofertilizer requirements and standards. The buying and selling prices of the products involved in the process have no variations over time; this assumption must be removed in following design step, but for this initial phase of conceptual design, this assumption is suitable. The additional operating costs considered in the cost model include plant maintenance (7% of capital costs); laboratory, quality control and quality assurance (15 % of total labor cost); research and development operations (8 % of capital costs); and miscellaneous facility expenses (6% of capital costs). The main economic indicators considered were NPV since it's a financial measurement of the time value of money, and Internal Rate of Return (IRR), because it's an indicator of the efficiency of the project.
3D model description
The biofertilizer production plant was designed and optimized by means of the OptiPlant ® software, based on the flow diagrams and preliminary equipment data, the 3D layout was developed and reviewed within Opti-Plant ® (ASD Global, 2015) . The 3D model includes equipment, architectural layout and piping ( figure 4) . Several arrangement options were modeled and an optimized arrangement was selected for review. As the project and work progresses, this model can be refined and elaborated to verify and track cost changes.
RESULTS AND DISCUSSIONS
Once obtained both the process and economic models employing process simulation software SuperPro Designer ® , and also the 3D layout of the liquid biofertilizer production plant using OptiPlant ® software, a description and analysis of the main process and economic results is performed. Figure 1 shows the simplified Flow Diagram of the liquid biofertilizer production plant, while the figure 2 presents the Equipment Occupancy Chart. In the figure 3 the Operations Gantt Chart is shown.
The bottleneck process step is the Industrial Fermenter since it's an operation that lasts for about 100 hours, while the equipment that operates the longest time is the Compressor, since it's a equipment that supplies compressed, oil-free air for both fermentation processes (seed and industrial), as well as for automatic panels and pneumatic instruments installed in the equipment, thus operating during the entire batch time. Table 3 shows the main process parameters obtained during the simulation study. From the results showed, it will be necessary to carry out about 78 production batches per year producing around 568 kg of liquid biofertilizer per batch, to fulfill the requested production capacity, while the average amount of 1.5 L bottles to obtain per batch and year will be 395 and 30 810, respectively.
Main process results
Economic results
The fixed capital cost required to build up the biofertilizer plant is summarized in the table 4, while the annual operating costs involved in the production process are showed in table 5. As it can be seen from the table 4, the main items that affect Total Plant Direct Cost (TPDC) are "Equipment Purchase" and "Pi-ping", while the "Construction" and "Engineering" are the main items that influence on Total Plant Indirect Cost (TPIC) value. The total direct capital cost obtained is about $ 3 700 000.
From the results showed in table 5, the "Labor-Dependent" item (that is, salary cost) presents the major influence on the annual operating costs, with 51.85% of the total cost. This is because it's a production process which needs to use, at least, 5 people per 24 hours shift, including operators, supervisors, maintenance and quality control personnel, as well as office and utilities staff. Considering that, it constitutes a labor-intensive industry that requires a relatively high amount of skilled personnel to run properly the plant, and this aspect affects directly the operating costs of the plant. The item "Miscellaneous and Consumables", which represents the consumption of items such as gloves, laboratory analysis kits, labels, caps, pipette points, etc., is the second in importance, comprising 29.54 % of the total costs. The "Raw Materials" item influences very small in the operating costs (4.01 % of the total) because the main substances and chemicals consumed in the process (See table 1) have a relatively low purchasing cost. The molasses, ammonium sulfate and sucrose will be delivered at zero cost by the sugar factory located near the place where the biofertilizer plant will be constructed, while the other raw materials are acquired at moderately low prices. The third item that affects the operating costs is 
Economic indicators
In table 5 the most relevant economic indicators and project rates, as well as the main profitability data, are summarized.
CONCLUSIONS
A techno-economic model was elaborated and developed for a typical liquid biofertilizer production plant with a capacity to produce 44 tons/year of a liquid biofertilizer, using Azospirillum brasilense as the active bacteria. This model can be used to analyze, understand and study the main factors and items that affect the liquid biofertilizer production process, in order to optimize plant productivity, profitability and reliability, and also to reduce the main cost issues associated with it.
Additionally, the developed model can be used to test alternative processing technologies to evaluate and predict the impact of the changes made.
From the results obtained during simulation operations regarding economic indicators, the unit production cost of one 1.5 L bottle of liquid biofertilizer is $ 24.009, the total capital investment required to buildup the plant will be of $ 3 975 000, the total amount of 1.5 L bottles to obtain per year will be 30 810 bottles/yr, the ROI value obtained is 14.93 %, the project Payback Time is 6.70 years, the total amount of revenues per year will be of $ 985 000/year, while the NPV and IRR values obtained were $ 716 000 and 2.55%, respectively. All that results indicate that the liquid biofertilizer project is feasible to implement both from the technical and economical points of view (Peters et al., 2003; Baca, 2010; Towler and Sinnott, 2008) , considering the specific characteristics, economic factors, and market conditions of the country, province and place at which it will be located.
The results obtained in this case study demonstrate that through the implementation of simulation and modeling techniques it's possible to study, analyze and improve processes, while it constitutes a valid and powerful tool to quantify process changes and variations, and also to compare alternative process methods. The results obtained will improve ecological, technical and economical evaluations of the application under study, and also will help to focus the research and optimization approaches towards the most promising directions. the base-case equipment costs, labor, feedstock or utilities. The possibility to compare the results obtained in the modified process with those obtained in the basecase will aid researchers and engineers to analyze, develop or assess novel biofertilizer production processes and technologies.
